We generate over 10 mW of broadband pulses at 7 to 10 micrometer wavelength in orientation-patterned gallium phosphide by difference frequency mixing between the fundamental and Raman-shifted component of a femtosecond Er fiber laser.
Introduction
High brightness sources in the spectroscopic fingerprint region are a topic of intense research due to their many applications in science and technology. While quantum cascade lasers have had a major impact in advancing realworld spectroscopic applications, their limited coherence or tunability can be constraining factors. Recently, much progress has been made in the construction of compact midinfrared systems based on fiber lasers combined with optical parametric oscillators (OPOs) or supercontinuum generating waveguides or resonators, though maintaining resonance of an OPO, and the fragility and limited power of infrared waveguides and resonators pose additional challenges. In contrast, compact fiber lasers have produced midinfrared frequency combs with 500 mW of power via difference frequency generation (DFG) in periodically-poled lithium niobate (PPLN) [1] , although this is restricted to wavelengths below 4.5 μm by the transparency of PPLN. Here, we use a new type of broadly transparent crystal, orientation patterned gallium phosphide (OP-GaP) [2] which promises to finally break open the 3-12 μm wavelength range to high power DFG combs due to its compatibility with Er and Tm fiber lasers. In a first experiment, we use OP-GaP for DFG between an amplified femtosecond Er fiber laser and a Raman shifted component at 1.9 μm to produce a record output of 10.3 mW centered at a wavelength of 8 μm.
Experiment
As illustrated in Figure 1 , our laser system starts with a 90 MHz Er:fiber oscillator. The oscillator output is split into two arms. The pump arm outputs 150 fs pulses with 1.2 W average power around 1.55 μm. The seed arm outputs 250 fs pulses with 26 mW average power at 1.9 μm. These listed values correspond to the data in Figure 2 , but can otherwise be tuned by adjusting pump current. After amplification and shifting, the pulses leave their fibers, and are combined on a dichroic beamsplitter, with relative timing controlled by a delay stage. A 40 mm focal length lens focuses the overlapped beams into the anti-reflection coated OP-GaP crystal, and the transmitted light is collimated by a gold parabolic mirror. Each OP-GaP crystal is 1 mm thick along the beam path, and has seven different grating periods: 52.25, 54, 55.5, 57.25, 60, 62.25, and 64 μm. A long-pass filter transmits the midinfrared light, which is measured on a power meter or Fourier transform spectrometer. Fig. 1 . Sketch of the difference frequency generation system. A femtosecond Er oscillator seeds an amplifier and a Raman shifter arm. The resulting two beams are spatiotemporally overlapped and focused into orientation-patterned GaP, generating several milliwatts of midinfrared light. The crystal has different periods for wavelength tuning. Figure 2 shows output spectra and average power of the difference frequency generation. Each curve corresponds to a different grating period of the OP-GaP crystal, without changing the laser. The strongest output was 10.3 mW at 8.0 μm center wavelength. Power measurements are not corrected for 5-10% losses at the spectral filter. This is seven times more output than we had using an uncoated GaSe crystal. Such strong idler generation in OP-GaP also means that signal wave was amplified by around a factor of two, which is the first optical parametric amplifier pumped by an Er fiber laser operating at full repetition rate. Fig. 2 . Normalized spectra (curves) and total average power (points) of idler beams from difference frequency generation in orientation-patterned GaP for different grating periods, as labeled above the curves.
Results
For better tuning, the seed wavelength can be changed with the pump current, as shown in Figure 3 , although with lower seed power. In this regime, the DFG output power scales linearly with seed power. With seed tuning, we generated a 10.1 μm wavelength pulse at 1.1 mW average power. 
Conclusions
We have demonstrated a new broadband, tunable, 10 mW midinfrared pulsed source using OP-GaP. OP-GaP combines the flexibility of quasi-phasematching, with the broad transparency and nonlinearity of GaP, allowing efficient conversion of Er fiber lasers into the midinfrared. Being an early experiment, we expect large improvements in output power by implementing additional Tm fiber amplifiers. Our OP-GaP crystal growth techniques have further improved, now allowing for crystal apertures of up to 1 mm for ~60 μm patterning periods, potentially opening the way to midinfrared ultrafast pulse generation with μJ pulse energies. The combination of OP-GaP with Er and Tm fiber lasers also holds great promise for powerful and robust frequency comb systems in the 3 to 12 μm region, laying the groundwork for real-world chemical imaging and sensing.
